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Mass dependence of the transverse momenta of Au projectile fragments at 1.0A GeV
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The transverse momenta (px ,py) of projectile fragments produced by 1.0A GeV 197Au nuclei incident on
Au and C targets have been measured. The medium and heavy fragments havepx andpy distributions, which
are wider than predicted by models. For the Au target the widths of the distributions are significantly larger
than those for C, particularly for the heavy fragments. The C distributions show a different gross structure,
which may be due to the target-projectile size difference.
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INTRODUCTION

Studies of nuclear matter and its equation of state c
tinue to be of considerable interest. Collisions between he
nuclei offer many possibilities for systematic studies of t
nature. However, these are not straightforward due to
transient and complex nature of such collisions and the
that only properties of final products can be measured. C
prehensive sets of data and calculations are necessary i
der to interpret the collisions and extract information co
cerning the properties of nuclear matter.

Systematic studies of the collective flow of particles,
duced by nuclear collisions, were first carried out in the g
bal analyses of collision events captured by the nearlyp
plastic ball/wall@1,2# and streamer chamber@3# detector sys-
tems. Collective flow was observed in a range of rapidit
populated by participant nucleons and their composi
while ‘‘bounce-off’’ nucleons and light composites we
found near projectile rapidities. These two effects were p
dicted in early hydrodynamic-like calculations of the com
pression effects in the collisions@4#.

A comprehensive set of nuclear collision measureme
over a wide range of projectile and target nuclei and fo
range of energies,~250–1970)A MeV, have been carried
out at the Bevalac by the EOS Collaboration@5,13#. The
analysis of flow and its energy dependence for the Au1Au
system@6# and for the Ni1Cu and Ni1Au systems@7# have
been published. Agreement with Boltzmann-Uehlin
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Uhlenback~BUU! calculations is better for predictions base
on an equation-of-state~EOS! with stiff ~largerK) compress-
ibility, or with a smallerK when substantial momentum de
pendence interaction strength is included@7#. At this point,
the BUU and relativistic quantum molecular dynami
~RQMD! models do not predict the motion of the ‘‘spect
tor’’ nucleons as collective fragments. However, one expe
that some compressional energy will be transmitted to th
spectator pieces of nuclear matter. In fact, in earlier exp
ments at the Bevalac@8,9#, a transverse momentum comp
nent of heavy fragments produced in the fragmentation o
range of nuclei~Ar to Au!, was identified. These first mea
surements for heavier projectiles,93Nb, 139La, and 197Au,
showed that the transverse momentum distributions, part
larly those of the heavier fragments, are considerably broa
than predicted by the models of Goldhaber@10# ~Fermi gas!
and Lepore and Riddell~LR! @11# ~shell model!. On the other
hand, the pioneering fragmentation measurements of Gre
et al. @12# using light projectiles, found momentum comp
nent distribution widths for16O and 12C projectile frag-
ments, which clustered between the Goldhaber@10# and LR
@11# predictions.

Here, we present measurements of the transverse (px and
py) momentum components of projectile fragments fro
1.0A GeV197Au on Au and C targets.

EXPERIMENT AND RESULTS

The measurements were taken using the EOS time pro
tion chamber~TPC! @13# @in the 1.3T heavy ion spectromete
system~HISS! field# and the multiple sampling ionization
©2001 The American Physical Society10-1
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chamber~MUSIC! @14#. References@5,15# have a description
and sketch of the EOS detection system. The TPC, via m
tiple sampling ofdE/dx, provided good particle identifica
tion and separation forp, d, t, and He particles and for ligh
ions with rigidities extending at least up to.1.5 GeV/c.
MUSIC @14# has three TPC’s which measure successivelx,
y, and x coordinates, each 16 times, for up to 48dE/dx
samples. This produces excellent charge (sZ'0.1 to 0.2ueu)
and position resolution@14# (sx'100 to 300 m, except for
very light fragments!. The poorestsx is found with the
heavy beams, probably due to the large number ofd rays,
etc. The MUSIC momentum resolution is dominated by m
tiple Coulomb scattering~MCS!. Both the angle uncertainty
du(MCS), andu, the fragment bend angle in the magne
field, are nearly proportional toZ/p(p5momentum), so the
momentum resolution is approximately constant. For the
beam,dub(MCS)'3.0 and 2.3 mrad for the Au and C targe
respectively; for the fragments, the expected scal
duF(MCS)5dub(MCS)*(AF/197) is assumed. The projec
tile fragments havep'p0AF wherep0 is the momentum pe
nucleon of the projectile, andAF the mass number of th
fragment. Thus the range of rigidities, proportional to that
AF /ZF , varies by about 20%.

The basic event trigger was set at minimum bias; off-lin
events with the largest fragment charge havingZF*10 were
selected, as discussed below.

The fragment momentum componentpy is the easiest to
determine and has the smallest uncertainty. The directiony is
perpendicular to the bending plane, so one only need
measure the vertical deflection angleuy . This amounts to
measuring they coordinates of the track in MUSIC: Th
middle TPC measures they position 16 times. This deter
mines both an averagey and a vector in they plane. The
incoming projectile momentum,pP5p0AP , has its direction
determined by two detectors~called Plutos! separated by 2.2
m. Each Pluto consists of a thin plastic scintillator viewed
four phototubes symmetrically arranged@15#. An x-y grid of
scintillating fibers is used to provide an absolute posit
calibration. For Au beams, position resolution is nearsx
'sy'0.65 mm, anddub(MCS)'0.5 mrad. The targe
spot can also be determined by the TPC tracking of parti
back to a vertex.

Analyses of the measurements of magnetic rigid
(pF /ZF) and energy loss produce as shown in Fig. 1, a p
of pF /p0 ~assumed to beAF) vs ~detected! chargeZF for
fragments from 1.0A GeV197Au beam incident on an Au
target. The squares trace the valley of nuclide stability.@The
intensity falloff at largeZF(AF) is due to the trigger condi
tion.# Charges can be separated, but notAF values. However,
the AF resolution,s(AF).3%, is good enough to test~see
later! the fragmentation models. It can be seen in Fig. 1 t
the detected fragments have a fragment mass centroid l
which, forZF.40, lies on the proton rich side of the stabili
line. This phenomenon is well known from target fragme
tation studies; see, for example, Su¨mmereret al. @16#. The
solid line in Fig. 1 is a prediction for the most probab
fragment based on their empirical parametrization@16#. For
the case of 1.0A GeV Au on a C target, see Fig. 11 o
01461
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Haugeret al. @15#, who also found good agreement with th
parametrization of Ref.@16#. One expects that the abrasio
fragment, or prefragment, as defined in the abrasion-abla
~AA ! model @17#, would ~immediately after collision! have,
on average, aZ/A ratio close to that of the projectile. How
ever, following excess neutron emission from the highly e
cited prefragment, the neutron-to-proton ratio is considera
reduced. The expected dispersion inZ andA ~abrasion! has
been estimated@18# using a model based on the assumpti
of a clean-cut, sudden interaction AA model and on the
sumption of zero-point vibrations of neutrons against proto
in the giant dipole resonance. This produces abrasion-s
dispersions inZ/A of '2%. The ablation stage will produc
further dispersion and probably accounts for the larger m
suredAF dispersions seen in Fig. 1.

The basicAA model only describes noncentral collision
and assumes that one large abrasion fragment~prefragment!
results. The small branching to fission is ignored, as is m
tifragmentation, which dominates central collisions. Here
focus on events where at least one large fragment withAF
*20 is produced, and study the transverse momentum c
ponents of the largestZF . The production of heavy, proton
rich fragments from Au projectiles has been measured ea
@19# and shows that neutron emission dominates the abla
stage. This is in accord with the AA model@20# ~and statis-
tical models! wherein low-energy neutron emission is f
vored since the corresponding final nuclear state has hig
excitation and higher~nuclear! state density. The Coulomb
barrier inhibits low-energy proton, alpha, etc., emission
the higher-excitation, higher-state density regions. This
model @20# assumes an excitation energy, which is a bro
distribution with a mean near 13 MeV per ‘‘hole’’~per
nucleon removed! in the abrasion stage.

Figure 2 shows the corrected values of the standard

FIG. 1. Mass fragmentAF , derived from the rigidity, vs charge
of detected fragments for 1.0A GeV Au1Au. The squares trace th
valley of nuclide stability. The full line is the prediction from th
parametrization of Su¨mmereret al. @16#.
0-2
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viations, s(px) and s(py), for the px and py momentum
distributions vs^AF&, where^AF& is the mean value ofAF
for eachZF determined from data such as that used for F
1. The corrections include the effects of multiple scatter
and beam angular dispersion. The measured beam an
width was used to calibrate the corrections to the fragm
momentum widths. The uncertainties in thes(px) data
shown in Fig. 2 reflect the uncertainties in these correcti
and are calculated~or estimated! to be 27~15!%, 18 ~12!%,
and 9~6.5!% for AF5150, 100, and 50 for the Au~C! tar-
gets, respectively.s(py) uncertainties are 15%–30% small
than those fors(px) with differences increasing witĥAF&.
The px andpy distributions should be the same, butpx is in
the bending plane and its determination is more uncerta

ANALYSES AND MODEL COMPARISONS

The Fermi gas, independent particle model used by G
haber@10# assumes that the only correlation among the m
menta of the nucleons in the projectile and fragment is t
imposed by momentum conservation. In the projectile fra
this model predicts that the momentum distribution of t
projectile fragments will be described by

s2~px!5s2~py!5s2~pz!5s0
2AF~AP2AF!/~AP21!;

~1!

s0
25PF

2/5, wherePF is the Fermi momentum in the projec
tile nucleus. (PF5265 MeV/c for nuclei near Au@21#.! The
model of LR @11# assumes shell-model wave functions w
harmonic-oscillator Gaussian factors. The prediction of th
two models are shown in Fig. 2~a! along with the experimen
tal values ofs(px) ands(py) for 1.0A GeV Au1Au. Here,
at this point, we use the mean mass of the detected fragm
^AF& for the data and for the predictions of the two mode
e.g.,AF5^AF& in Eq. ~1!. It can be seen that the experime
tal widths are larger than the model predictions, which
based solely on the projectile nucleon internal momen
When first observed this for heavy fragments@9#, this extra
width was attributed to the collision dynamics and call
pT(bounce). A simple model@9# was used to calculate thepT
brought in by nucleons scattered into the spectator from
participant~overlap! region.

Figure 2~b! shows similar comparisons for the Au1C
data. Note that, vŝAF&, the structure in the data is differen
from that in Fig. 2~a!. As one goes tô AF& values above
.90, the momentum widths decrease and are consider
smaller than the Au1Au values@Fig. 2~a!#. For smaller̂ AF&
the Au and C target values are comparable. This sugg
Coulomb effects and in addition, a smaller impulse from
smaller C target or rather its optical or mean-field poten
in more peripheral collisions. For^AF&&90, one can imagine
the C nucleus sometimes trying to tunnel through the
nucleus and impartinĝpT& to the fragments.

The Goldhaber model predicts as0 ,s0(G), which is
nearly a factor of 2 larger thans0(LR): For Au projectiles
s0(G) is near 118 ands0(LR) near 59.4 MeV/c. The
larger momentum component widths predicted by Go
01461
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haber, arise from the fact that nucleons, abraded from
projectile@leavingAF(abr)#, have an uncorrelated Fermi ga
motion, while in the LR case, pair momenta are anticor
lated and reduce the fragment momentum produced by
abrasion. Bertsch@22# has shown for the case of40Ar frag-
mentation, how momentum anticorrelations suppresspz fluc-
tuations of the fragments.

Figure 3 shows values ofs0(expt) ~expt5experimental!
determined from thes(px) and s(py) data in Fig. 2. The
s0(expt) values are, in general, larger than the model p
dictions of Goldhaber, and even larger than those of Lep
and Riddell. Subsequently, there have been theoretical ca
lations @23#, which show that Pauli blocking reduces th
Goldhaber values by nearly 50%. These calculations sup
the notion that, for projectile fragments, the LR values, ba
as they are on shell model-type wave functions, are m
realistic in describing projectile-frame momentum distrib
tions due to the internal nucleon momenta in the project
~The x andy values ofs ands0 should be the same.!

Strictly speaking, to compare to the predictions of t
abrasion models, one should use the abrasion fragm
masses, rather than detected fragment masses as were u
Figs. 2 and 3. This would shift the data to larger^AF& but
would not change the conclusions concerning the mo
comparisons above. Also, in connection with the model co
parisons, the effects of a statistically nonisotropic parti
~mainly neutron! emission have not been corrected for. W
estimate@9# these corrections to be small except at ve

FIG. 2. Experimental~a! Au1Au and ~b! Au1C transverse
component momentum widthss(px) ands(py) vs ^AF&. Error bars
are shown for representativesx values~see the text!. Also shown
are predictions of the Goldhaber and the Lepore-Riddell model
0-3
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small s(px), s(py) values; i.e., where, in these data,AF
approachesAP .

While the s0(expt) values derived here froms(px) and
s(py) are considerably larger than the model values, it
interesting to note that the longitudinal (pz) component
widths as measured at GSI for 1.0A GeV Au1Au @24#, are
found to be narrower than the Goldhaber predictions. T
correspondings0(expt) values appear to lie in betwee
Goldhaber and LR, but closer to the LR predictions, and
good agreement with the experimental systematics of M
risseyet al. @25# Thus, as expected, the collision dynamic
e.g., the collective effects as modeled by a hydrodynam
model, affect the transverse momentum more than the lo
tudinal.

The above discussion indicates that the ‘‘intrinsic’’ co
tributions from internal nucleon momenta to the product
of the experimental transverse momentum component di
bution widths, are relatively small. With all effects include
the correspondings0 values are probably near 50 MeV/c.
We might call these intrinsic:s0(intr). Thes0(expt) values
~Fig. 3! range largely between.125 and 250 MeV/c, or
considerably larger thans0(intr). Originally, we hypoth-
esized that the additionalpT we first saw in the
1.2A GeV139La1C fragmentation@9#, had a Coulomb com-
ponent,pT(Coul), and a component due to the participa
nucleons transferring energy and momentum to the ‘‘spe
tor’’ fragment. With reasonable assumptions for the nucle
pT values fromNN ~N5nucleon! collisions and for nucleon

FIG. 3. Values of~a! Au1Au and ~b! Au1C so derived from
values in Fig. 2 vŝ AF&, with representative error bars~see the
text!.
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mean-free-paths in nuclear matter, the largepT values of the
fragments could be understood@9#.

In terms of a macroscopic~hydrodynamic! model, one
can speak of the transfer of compressional energy to the
fragment and hence to the detected fragment. The contr
tion pT(Coul) can be estimated for grazing collisions@26# as
pT(Coul)51432 and 156 MeV/c or px(Coul)5py(Coul)
51014 and 110 MeV/c for Au1Au and Au1C @27#, re-
spectively. One concludes that Coulomb effects are imp
tant, and in Fig. 2 one sees, particularly for the heavy fr
ments up to ^AF&5165, that the sigma values ar
progressively larger as one goes from the data for the
target to that of Au targets. Kahnet al. @27# present an
‘‘optical-model momentum transfer’’ formalism, which the
use to successfully describe the 1.2A GeV139La1C frag-
ment transverse momentum component (py) distributions
@9#. They also fit the 980A MeV Au1Ag sx(sy) data@28#.
The latter data@9# and the Au1CR-39~plastic detector! data
@28# at 980A MeV are, within limited statistics, consisten
with our data.

Goldhaber@10# has suggested that if the projectile nucle
receives a collision impulseQ in some direction, the mean
squared momentum transfer in that direction would incre
from s2 due to nucleon momenta~intrinsic! to

s825s21Q2~AF /AP!2 ~2!

for the fragment of massAF , where the transverse compo
nents ofs2 ~due to projectile nucleon momenta! are given by
Eq. ~1! with the above estimates thats0.50 MeV/c. In this
case~model! @10# the momentum distribution of the heavie
fragments is most sensitive to the collision impulseQ. Com-
paring the data for Au and C targets, one concludes thaQ
has a largeAT as well as~see Ref.@8#! AP dependence. The
structure ofQ is not within the scope of this paper, e.g., in
collective model it will~as noted above! contain nuclear mat-
ter compressional, as well as Coulomb, effects.

SUMMARY

The heavy fragments from 1.0A GeV197Au on Au and C
targets show enhanced transverse momentum compon
when compared to the predictions of models based
nucleon momentum distributions in nuclei. The momentu
distributions tend to be larger for the Au target, particula
for the AF*100 fragments. For the C target thes(px) and
s(py) structure may be due to the target-projectile size d
ference.
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